We present data from 34 allozyme loci to test whether the Karner
Introduction
The conservation of insects in general, and butterflies in particular, is increasing in importance both in the public eye and in terms of the practical measures being taken to prevent further loss of species (Pollard and Yates 1994; Samways 1994) . Nonetheless, there is a surprising lack of genetic information relevant to the conservation biology of these organisms, arguably the most charismatic of "mega-invertebrates," relative to the great deal of attention this has received from students of megavertebrates. Genetic data from wild populations are relevant to conservation in three main areas. First, molecular data are of great utility in ascertaining the taxonomic status of populations (for a review see Avise 1994) . Second, estimates of gene flow among remnant populations may provide guidance for the design of conservation programs, as is most frequently used in studbooks for zoo populations. Lastly, the possibility that populations may suffer genetic consequences of small effective population size and thereby enter an extinction vortex can be addressed, although this remains to be done for any invertebrate.
In this paper we address these three issues with reference to the globally endangered Karner Blue butterfly, Lycaeides melissa samuelis. The Karner Blue, currently undergoing a dramatic decline in North America (Andow et al. 1994) , is of considerable interest, in part because of its potential role as an indicator of good-quality oak savannah, a habitat that currently occupies only 0.02% of its pre-agricultural settlement range in North America (Nuzzo 1986 ). It also occurs in "pine bush" habitats, also an endangered environment. However, despite considerable interest in conserving this butterfly, there have been no detailed studies of its taxonomic status.
Six subspecies of Lycaeides melissa are recognised (Lane and Weller 1994) . The Karner Blue (subspecies samuelis) is found from New Hampshire to eastern Minnesota (Baker 1994) . It was first described as a distinct subspecies of Lycaeides melissa by Nabokov (1944) , as explained in his revision of North American Lycaeides (Nabokov 1949) . In a letter to the New York Times (Nabokov 1975) he stated that he now considered it a distinct species, although this does not constitute formal taxonomic recognition. The nominate subspecies, the Melissa Blue, Lycaeides melissa melissa, is the most widespread form, ranging from the prairie provinces of Canada to the arid southwestern U.S.A. (Lane and Weller 1994) . The remaining four subspecies have very restricted geographic ranges in North America (Lane and Weller 1994) and will not be considered further here.
The Karner Blue and Melissa Blue differ slightly in several morphological characteristics: a rounder wing in the Karner Blue, the presence of orange crescent-shaped markings on the dorsal surface wing margin of both the fore-and hind-wings in the Melissa Blue, and subtle differences in the male genitalia (Lane and Weller 1994) . There are also differences in hostplant and habitat preferences (Lane and Weller 1994) . However, no genetic data have been obtained to investigate the possibility of species-level genetic differentiation among the various subspecies of L. melissa. Given the considerable current concern in conserving the Karner Blue and re-establishing it in areas from which it has been extirpated, the taxonomic status and genetic health of populations of this butterfly are of more than academic interest. This paper presents electrophoretic data on two widely separated populations of Karner Blue and one population of Melissa Blue butterflies in order to address these issues.
Methods
Samples of Karner Blue butterflies were obtained from New York and Wisconsin; Melissa Blues were obtained from Minnesota. The Melissa Blue sample was obtained from the Tuohy Sand Savanna, Fillmore County, Minnesota (Cuthrell 1990 ). The Wisconsin Karner Blue sample was taken from the Necedah National Wildlife Refuge and a private site nearby, whereas those from New York were obtained from Saratoga County. All samples were maintained in an ultracold freezer until shipped on dry ice to Toronto, where they remained in an ultracold freezer until used for electrophoresis.
Standard starch gel electrophoretic techniques were used throughout this study (for detailed accounts of the methods and recipes used see Packer and Owen 1989 . The buffer systems used, enzymes scored, and sample sizes for each locus are provided in Table 1 .
The BIOSYS computer program package (Swofford and Selander 1989) was used to analyse the data. Variance estimates for heterozygosity, genetic identity, and distance data (Nei's 1978 unbiased estimators) were obtained using a bootstrap resampling scheme (Efron 1972 ) details of which have been presented elsewhere (Rosenmeier and Packer 1993) . Two hundred bootstrap replicates were performed on individual locus genetic diversity values and 95% confidence limits were obtained from the distribution of resampled estimates. Estimates of gene flow among samples were made using Wright's F statistics (Wright 1978) as implemented in the BIOSYS computer program. There are three such statistics, F IS, which measures the correlation of homologous alleles within an individual in relation to that individual's subpopulation (it can thus be considered a measure of local inbreeding), F IT , which is the correlation between an individual's genes and those of the total population (thus constituting a measure of local inbreeding and population subdivision), and F ST, which is the variance in allele frequencies among subpopulations (and is thus a measure of population subdivision). Individual locus F ST values were bootstrapped to obtain 95% confidence limits as outlined above. F ST can be used to obtain an estimate of the amount of gene flow between populations according to the equation (Wright 1951) , where N m is the number of migrants between subpopulations per generation.
Results
For 4 of the 34 loci listed in Table 1 , sample sizes surveyed consisted of fewer than 10 haploid genomes for one or more populations. Three (Enol, Pgam, and Ugpp) are highly invariant in other taxa surveyed in the senior author's laboratory (Packer and Owen 1992 ; L. Packer and J.S. Taylor, unpublished observations), and it is unlikely that any common polymorphism will have been missed, despite the small sample sizes. The remaining locus, Acy, was polymorphic in two of the three samples and the allele frequencies quoted may be subject to large sampling error. Table 2 lists the allele frequencies for all 16 variable loci and compares allele frequencies among the three samples. Approximately 30% of the loci were variable in each population and average expected heterozygosities were also similar, ranging from 0.109 in the Wisconsin Karner Blue sample to 0.112 in the other two samples (Table 3) . These values are almost identical with the sample mean for Lepidoptera (Table 4) .
No fixed electrophoretic differences were found in any pairwise comparison between samples. Genetic identity and distance data (Nei's (1978) unbiased estimate) for the three populations are summarized in Table 5 . The three identity values are statistically indistinguishable from one another. Genetic differences between the three samples are restricted to frequency differences or the presence of some uncommon alleles in one or two of the three samples. Alleles that are uncommon in one sample and absent in others may be missing simply because of inadequate sampling of individuals. Significant allele frequency differences were found among samples for the loci Aha, Esa, Gpi, Idh, and Idth (Table 2) , although with 16 polymorphic loci one might expect one significant departure from Hardy-Weinberg equilibrum at the 5% level by chance alone. Each population seemed to have one locus that differed from the other two samples sufficiently to give a significant result. For Esa the Melissa Blue is distinct from either Karner Blue population, the New York population is the most differentiated at Gpi, while Idh differentiates the Wisconsin Karner Blue population. For the other two loci all populations appear to contribute to the overall significance level.
Fixation indices for the three samples are presented in Table 6 . The F IS value obtained was not significantly different from 0, based upon the bootstrap resampling variance estimates. However, both F IT and F ST values are significant and positive, indicating significant association among alleles within individuals in relation to the whole sample and among samples. With F ST averaging 0.151 across 16 loci, the estimated number of migrants per generation is 1.4. The 95% confidence limits on these estimates are between 0.090 and 0.165 for F ST and 1.2-2.5 for N m .
Pairwise sample estimates of F ST are provided in Table 7 , along with their 95% confidence limits. Although the estimates of population differentiation between subspecies are both approximately twice as large as those between the two samples of the Karner Blue, there is considerable overlap in the 95% confidence limits for the three pairwise comparisons. values translate into 1-8 migrants between populations per generation. The total-sample N m estimate is low compared with others available from the literature for Lepidoptera (Table 8) .
Discussion
The electrophoretic data described here are of significance to answering two important questions concerning the conservation biology of the Karner Blue butterfly. First, is the Karner Blue butterfly specifically distinct from the Melissa Blue? Second, is there any evidence that either of the Karner Blue populations is suffering genetic impoverishment from the effects of a small effective population size?
Taxonomic status of the Karner Blue butterfly
The difficulties associated with defining appropriate criteria for species delimitation are proving all but intractable for systematic theorists (Otte and Endler 1989; Nixon and Wheeler 1990) . The phylogenetic species concept provides one comparatively simple way out of this conundrum: species-level taxa should be unambiguously diagnosable units with no intermediates or polymorphic populations, and the difference should be heritable rather than environmentally induced. Adoption of this concept would result in an increase in the number of species recognised (Wheeler 1990 ). For example, Cracraft (1992) found that the number of recognised species more than doubled when the phylogenetic species concept was applied to birds of paradise (Aves; Paradisaeidae). For electrophoretic data, the phylogenetic species concept suggests that the presence of one fixed allelic difference between samples is sufficient for diagnosing separate species (Davis and Nixon 1992) . This would also result in an increase in the number of species recognised. For example, Packer and Taylor (1997) found that the number of bee species recognised would increase by between 50 and 100% if the phylogenetic species concept was adopted.
The phylogenetic species concept as applied to electrophoretic data assumes that both a sufficiently large number of loci and a sufficiently extensive proportion of the geographic ranges of the organisms have been surveyed. We had three widely separated samples for two putative taxa. Such minimal sampling is more likely to result in apparent species-level differences being detected than would a more extensive survey. Similarly, the number of loci used is reasonably large for nonDrosophila insect studies and is 50% greater than the average usually reported for Lepidoptera (Table 4) . Consequently, our protocol is biased in favour of concluding that we are dealing with species-level taxa when the phylogenetic species concept is used. However, not one fixed difference was discovered between either of the Karner Blue samples and the Melissa Blue sample for any of the 34 loci surveyed, and application of the phylogenetic species concept fails to support specieslevel status for the Karner Blue butterfly. A more ambiguous way of identifying species from electrophoretic data is to calibrate levels of genetic identity for pairs of species/populations known or believed to represent different levels of phylogenetic divergence, based upon other criteria. This was the approach used by Brussard et al. (1985) in their study of checkerspot butterflies, which included a literature survey of other genetic divergence values for insects. Their survey showed that genetic-identity values for subspecies ranged from 0.77 to 0.99, whereas those for sibling species ranged from 0.56 to 0.94. Different populations of the same species had genetic identity values ranging from 0.92 to 1.0, with their own data forming an outlier at 0.88, below the range of the remaining values. The lowest genetic identity we found in three pairwise comparisons was 0.97, above and beyond the range reported for sibling species and well within the range obtained for subspecifically differentiated taxa and intraspecific populations.
All species concepts applied to sexually reproducing organisms have the interruption of gene flow among species as part of their basis. Estimates of gene flow among the populations surveyed can be made by using Wright's F statistics or Slatkin's private alleles method (Slatkin 1985; Slatkin and Barton 1989) . There were too few private alleles in our data set to warrant the use of Slatkin's method. Nonetheless, the N m value obtained from F statistics is one of the lowest recorded for Lepidoptera (Table 8 and see below).
The electrophoretic data, then, provide no evidence to support recognition of the Karner Blue as a species distinct from the Melissa Blue. However, it should be noted that in several electrophoretic studies of reproductively isolated species, comparatively high genetic identity values and no fixed differences have been found (Rosenmeier and Packer 1993 and references therein) . However, this does not mean that the Karner Blue is not an "evolutionarily significant unit" (ESU) (Moritz 1994 Packer et al. Legge et al. (1996) applied the ESU concept to Cryan's buckmoth, a day-flying silkmoth. They compared allozyme, mtDNA, and host-performance data for a range of samples of the Hemileuca maia complex and found no evidence for differentiation into previously described species units for either allozyme or mtDNA data. There were significant differences in host performance between Cryan's buckmoth, H. maia, and H. nevadensis/maia, but the data did not give outright, discrete, diagnosable differentiation. Nonetheless, given the marked ecological differences between Cryan's buckmoth and the other populations surveyed, and despite the lack of any allozyme or mtDNA divergence among samples, they concluded that it warranted management as an ESU.
No mtDNA data are available for L. melissa and so this component of Moritz's ESU definition cannot be applied. The significant allele frequency differences suggest that all three samples have potential as ESUs. The host plant preference/ performance possibilities remain to be tested, although absolute differences seem unlikely, as the Melissa Blue simply has a wider range of larval food plants than the Karner Blue.
As Lane and Weller (1994) noted, further classical morphological analyses are required, using modern cladistic methods, to clarify the taxonomic status of the Karner Blue. Our genetic data indicate that such detailed morphological and morphometric analyses are indeed badly needed. Nonetheless, it would seem sensible to consider management of Karner Blue populations in the east as a separate issue from conservation of those in the west and both should receive high priority. Can. J. Zool. Vol. 76, 1998 (Table 4) . There is often a negative relationship between the number of loci scored and the heterozygosity measured (Singh and Rhomberg 1987; but see Shoemaker et al. 1993 ). As we have scored approximately 50% more loci than the average for studies of Lepidoptera, it is possible that our heterozygosity estimate is biased downwards because of the large number of loci surveyed. However, the lepidopteran heterozygosity data do not give a significant negative relationship with number of loci scored (R 2 = -0.013, p > 0.3, n = 66).
Genetic variation and gene flow
Although the Karner Blue is currently considered an endangered species, neither of the populations of this butterfly had significantly lower levels of genetic variation than the generally more common Melissa Blue. However, as the Melissa Blue sample itself was taken from a small, peripheral population (see below), it could be that all three populations surveyed are suffering from a reduction in heterozygosity and that the Karner-Melissa comparison is inappropriate. Inspection of heterozygosity data for a variety of Lepidoptera (Table 4 ) indicates that the level of genetic variation we find in the three samples is not low, even in comparison with some pest species, which presumably have huge populations. This suggests that the Karner Blue populations have not been chronically small enough, isolated for a sufficient length of time, or gone through a small enough population bottleneck to have suffered a significant impact on levels of genetic variation. What information do we have on population sizes and degree of population isolation in these organisms?
Using methods described by Pollard (1977) and Schweitzer (1994) , the Melissa Blue population was estimated at around 30-60 adults in flight daily at the collection site, which is the only locality where the Melissa Blue occurs in southeastern Minnesota. The nearest Karner Blue population is a p p r o x i m a t e l y 50 km to the northeast. Studies of the Wisconsin Karner Blue sites indicate that there the butterfly exists as metapopulations ranging from several hundred to 2000 individuals. The New York population surveyed is the largest population of Karner Blues and it has been censused by mark-release-recapture, with estimates of approximately 14 000 individuals in the second generation (Sommers and Nye 1994) . All metapopulations of these butterflies are sufficiently isolated from each other by unsuitable habitat for it to be impossible for them to be exchanging genes at present.
It is possible to investigate the expected reduction in heterozygosity resulting from small population size using the formula H t = (1 -1/2N) t H 0 , where H t is the heterozygosity level at generation t and N is the effective population size (Hedrick 1983) . It is well known that population sizes of the spring generation of the Karner Blue are often approximately one-third those of the summer generation (Packer 1994) . If the effective population size of spring and summer generations is set to 250 and 750, respectively, then over 70% of the original heterozygosity remains after 125 years (250 generations). With estimates of second-generation butterflies, based upon mark-release-recapture, of approximately 14 000 (Sommers and Nye 1994) , it is probable that the main New York population has considerably exceeded the effective population size of 250 and 750 in spring and summer generations, respectively, for at least most of its recent history. Although most extant Karner Blue populations are much smaller, perhaps by an order of magnitude, it is probable that in most instances they occur (or occurred until recently) as structured populations with migration and gene flow between them rendering estimates of effective population size no more than guesses. However, even for an effective population size of 25 and 75 in spring and summer generations, respectively, a halving of heterozygosity levels is expected through drift only after 25 years (50 generations). The almost identical heterozygosity values obtained for the Karner Blue and Melissa Blue samples and their average placement in the range of such estimates for Lepidoptera suggest that small population size has not yet influenced the levels of genetic variability in the Karner Blue. It therefore seems highly unlikely that genetic impoverishment has been the cause of the recent decline in numbers of the Karner Blue throughout its range. However, the role of genetic impoverishment cannot be ruled out as a factor in the demise of the smallest and most isolated populations. Nonetheless, as has been argued elsewhere (Ehrlich 1983; Murphy et al. 1990) , it is more probable that demographic problems cause extirpation of butterfly populations, including those of the Karner Blue.
Estimates of gene flow were compared among lepidopteran species for which suitable data were available from the literature (Table 8 ). The number of migrants among populations per generation calculated for the three L. melissa samples by means of Wright's F statistics was one of the lowest recorded. Only the southwestern corn borer when U.S. and Mexican samples were compared (McCauley et al. 1990 ) and two butterfly species that persist in fairly small, isolated areas in parts of the Rocky Mountains (Britten and Brussard 1992; Britten et al. 1994) have lower values. However, interpretation of this result is rendered less simple by the fact that most of the other estimates were obtained for pest species which may be expected to have large effective population sizes and comparatively contiguous areal coverage (the distribution of Nm values for pest species is significantly elevated above those available for non-pests, Mann-Whitney U test, U s = 232, p < 0.05). The small size of the populations, the large area of unsuitable habitat between the isolated populations, and the apparently limited dispersal ability of L. melissa (Lawrence 1994 ) suggest that gene flow over the large distances separating the sample sites is unlikely to be occurring either directly or indirectly via populations in intermediate locations. This suspicion is borne out by the relatively low N m values. However, the 95% confidence intervals of these estimates do not overlap zero. This is presumably the result of shared ancestral polymorphisms, the time since separation among populations being too short for the effect of past gene flow to be obscured. Nonetheless, the paucity of data suitable for comparative purposes suggests that studies of gene flow among non-endangered, non-pest lepidopteran species (perhaps especially for Lycaenidae, which typically occur in small, isolated populations) would be very worthwhile.
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